Abstract-Recently in tandem with the spread of portable devices for reading electronic books, devices for digitizing paper books, called book scanners, are developed to meet the increased demand for digitizing privately owned books. However, conventional book scanners still have complex components to mechanically turn pages and to rectify the acquired images that are inevitably distorted by the curvy book surface. Here, we present the multi-scale mechanism that turns pages electronically using electroadhesive force generated by a micro-scale structure. Its another advantage is that perspective correction of image processing is applicable to readily reconstruct the distorted images of pages. Specifically, to turn one page at a time not two pages, we employ a micro-scale structure to generate near-field electroadhesive force that decays rapidly and accordingly attracts objects within tens of micrometers. We analyze geometrical parameters of the micro-scale structure to improve the decay characteristics. We find that the decay characteristics of electroadhesive force definitely depends upon the geometrical period of the micro-scale structure, while its magnitude depends on a variety of parameters. Based on this observation, we propose a novel electrode configuration with improved decay characteristics. Dynamical stability and kinematic requirements are also examined to successfully introduce near-field electroadhesive force into our digitizing process.
I. INTRODUCTION
Along with the advances in high-resolution display technology and electronic paper technology, a number of portable devices for reading electronic books (e-books), called e-book readers, are developed [1] . Spread of e-book readers have transformed users' reading experiences for the past few years [2] . People gradually become used to reading e-books, which is reflected in almost 200 percent increase in e-book sales [3] . Furthermore, easy management and permanence of ebooks has brought about demand for digitizing the materials delivered not in the electronic form. To meet the demand, industrial devices for digitizing books, called book scanners, have been invented. Nonetheless, book scanners are still uncommon because of complicated mechanism for turning pages and complex image processing to rectify the distortion by the curvature around the book spine.
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In this paper, we present automatic page-turning mechanism that significantly reduces the complexity both in mechanism for turning pages and image processing using near-field electroadhesive force [ Fig. 1 ]. Near-field electroadhesive force generated by micro-scale structures is electroadhesive force whose strength rapidly decreases with distances as a result of micro-scale penetration depth. The strong advantages of our mechanism over conventional book scanners are that it turns a page electronically, which is simpler than mechanically turning pages, and that it is compatible with a linear transformation of image processing to reconstruct distorted images, perspective correction.
Our digitizing process is divided into four steps: lifting a page, flattening the lifted page, imaging the flattened page, and releasing the imaged page. In lifting a page, near-field electroadhesive pad is placed on the top page and lifts up one page by near-field electroadhesive force whose strength rapidly decreases [ Fig. 2a ]. As the next step, the rotating arm rotates to turn the page, and it automatically flattens the page as the axes of rotation of the rotating arm and the page are asymmetrically arranged [ Fig. 2b ]. When the page is flattened enough for image correction, the page is imaged using a digital camera, and the acquired image is reconstructed by the algorithm for perspective correction [ Fig. 2c ]. During the image processing, the imaged page is released, and the rotating arm rotates back to the original position to repeat the process [ Fig. 2d ].
In the following sections, after investigating relevant technologies, we characterize the effect of geometrical parameters on decaying characteristics of near-field electroadhesive force. Subsequently, we present the dynamical stability of our mechanism, kinematic requirement to prevent the lifted page from being detached, and the experimental results of turning pages and image processing. Lastly, we conclude with discussion on future works to improve the digitization performance.
II. RELATED TECHNOLOGIES AND REQUIREMENTS FOR OUR MECHANISM
A. Page-turning mechanisms Two ways of digitizing books are destructive and nondestructive types. Destructive book-scanners cut books into sheets of paper and scan the separated sheets using automatic document feeders (ADF). This is simple and fast, but irreversible and unacceptable in certain cases. Non-destructive types preserving books digitize books by turning and imaging each page. Non-destructive book scanners are demonstrated using roller structures [4] , bionic fingers [5] , vacuum pumps [6] , and page turner heads [7] .
B. Electroadhesive force
Electroadhesive force is an attractive force resulting from the electrostatic interaction between a strong electric field generated by high voltage in the order of kilovolts and induced dipoles in dielectric materials. Electroadhesive force is suitable for application in gripping because it is energyefficient and applicable to almost any object regardless of material properties without involving noise and vibration [8] . The versatility of electroadhesive force have also allowed electroadhesive force to be applied to robots to climb walls [9] , [10] , [11] , [12] and robotic insects to perch on the ceiling to save energy [13] . Regarding manipulation tasks, it is demonstrated that electroadhesive force can be used to manipulate fragile objects [14] , fabrics [15] , carbon fibers [16] , unbound sheets of papers [17] , and silicon wafers [18] . Studies on electroadhesive force have been focused on the maximum magnitude to lift and manipulate heavy objects [19] . To the best of our knowledge, no quantitative study on the decay characteristics is reported.
C. Image reconstruction
The paper surface of unfolded books is curved around the book spines, distorting the images acquired by a camera. The distorted images can be reconstructed using topographic information obtained from three dimensional cameras [20] , [21] . The distortion can be alternately removed using highspeed cameras [22] . Exceptionally, topographic information can be acquired without three dimensional camera provided the subject is perfectly flat, since the flatness implies that the curvature of the surface is zero at all points. The algorithm for perspective correction [23] , [24] is used to rectify the distorted images under this condition of the flatness.
D. Requirements for our mechanism
Basically, we adopt the algorithm for perspective correction to reduce the complexity in image reconstruction. The mechanism for digitizing books should satisfy the followings.
• Accuracy: The mechanism should not exclude any pages while converting paper books into electronic documents.
• Flatness: The lifted page should be maintained flat at the moment of imaging since the flatness affects the quality of the results from perspective correction.
• Energy efficiency: The amount of power consumed during operation should be minimized, considering digitization processes usually run for a long time to convert hundreds of pages.
III. DESIGN PRINCIPLES

A. Near-field characteristics of electroadhesive force
Electric fields, which strongly depend on distances from the sources, can be constructed by properly placing a set of charges. Specifically, the magnitude of the electric field by a single charge depends on 1/r 2 , that by dipole depends on 1/r 3 , and further, that by quadrupole depends on 1/r 4 . One of the simplest configurations of positioning electric charges is interdigital patterns which alternately have positive and negative electrodes. The electric field generated by interdigital patterns in empty or homogeneous spaces can be analytically derived in the form of a power series under a couple of assumptions [25] , [26] . We analyze the decay characteristics of electroadhesive force in inhomogeneous medium where air layers and sheets of papers are alternately stacked, using the force ratio defined as
where F 1 and F 2 are electroadhesive forces on the first page and the second page, respectively. The force ratio can be used to examine the decay characteristics as it gives the higher value when electroadhesive force decreases the more rapidly. We find that the decay characteristics of electroadhesive force dominantly depends on nothing but the spatial period of the electrode configurations used to produce electric fields, even though the magnitude varies depending on parameters [27] . Exploiting the fact that the decay characteristics is dominantly controlled by the geometrical period, we design a novel electrode configuration [ Fig. 3a ]. It is a three dimensional structure with positive electrodes and ground on two different layers, reducing the geometrical period maintaining the same spacing between electrodes. In order to estimate the force ratio, we perform the finite element method (FEM) simulation on three types of electrode configurations with the material properties and geometries listed in Table I : our proposed pattern [ Fig. 3a] , interdigital patterns [ Fig. 3b] , and coated interdigital patterns [ Fig. 3c] .
We suppose that paper is a linear, homogeneous, and neutrally charged dielectric material, and that the length of electrodes are long enough compared to the width to reduce three dimensional problems to two dimensional problems. On a quasi-static state, the electric potential is obtained by 
where φ represents the electric potential, with boundary conditions described in Fig. 3d . That the electric field E diminishes to zero at infinity imposes on the top boundary BC
The symmetries along AB and CD impose
At the interfaces between air domains and paper domains, the electric potential should satisfy
where ε a and ε p denote the relative permittivity of the air and paper, respectively. Electric potential on electrodes is specified to be the applied voltage, and zero charge boundary condition is applied between electrodes. Electroadhesive force exerted on each page is calculated by
where i = 1, 2 which represent the first page and the second page, and Maxwell stress tensor T yy is given by
We do not consider T yx since it has no contribution to electroadhesive force. The result shows the remarkable dependence of the force ratio on the geometrical period, p, for all electrode configurations [ Fig. 4 ]. The strong dependence on the geometrical period is clearer on a small scale. Now we obtain the design principle to generate near-field electroadhesive force. Electrode configurations should be designed to have a small Fig. 4 . The force ratios for three the electrode configurations depending on the geometrical period and their corresponding parameters, represented by markers. The force ratios are dominantly affected by the geometrical period, while being less dependent on the geometries of electrode configurations and other parameters. Circle, square and diamond markers respectively represent t d = 400, 800, 1200 µm for double-sided digitated patterns; we/p = 25, 50, 75 % for interdigital patterns; and tc = 100, 200, 500 µm for coated interdigital patterns. geometrical period. Considering the fact that our proposed pattern has half geometrical period of other interdigital patterns when having the same spacing, it significantly improves the decay characteristics without increasing manufacturing difficulty or complexity. Its another advantage is that positive electrodes and ground are physically separated by the substrate whose dielectric strength is much stronger than that of the air, increasing the applicable voltage.
We fabricate the double-sided digitated pattern with the spacing of 200 µm, whose effective spacing is 100 µm [ Fig. 1 ]. Electrodes are patterned along the horizontal direction to maintain uniform near-field electroadhesive force along the vertical direction in which the adhered page slips. Ground is sealed with Kapton tapes to enhance dielectric strength, whereas the positive electrodes directly contact the adhered page to improve decay characteristics.
B. Dynamical stability of the electroadhesive pad
The electroadhesive pad for generating near-field electroadhesive force is connected to the rotating arm with an acrylic flat spring for rotation of the electroadhesive pad. This rotational movement allows the electroadhesive pad to conform to the paper surface and to lift a page from the edge. Turing pages from the edge reduces the force required to overcome the atmospheric pressure by permitting the air entering into the gap. The two rotation axes of the rotating arm and the page being turned are in slightly different positions to stretch the lifted page as the rotating arm rotates. The tension generated by the friction force between the electroadhesive pad and the page supports the lifted page maintaining flat. However, the friction may give rise to stickslip phenomenon and cause the motion of the electroadhesive pad to be unstable, lowering the flatness of the lifted page. When the stick-slip instability leads the electroadhesive pad to swing in a large angle, excessively large portion of the page slips out of the electroadhesive pad, and the lifted page deflects resulting in less clear rectified images. We examine the dynamical conditions to reduce stick-slip instability to successfully flatten pages.
Modeling our mechanism as a simple four-bar linkage, the motion of the electroadhesive pad can be analyzed using four position vectors, and we have
where x represents the shortest path from the book spine to the end of the electroadhesive pad, and a, b and d are as shown in Fig. 5a . It should be noted that x does not represent the lifted page itself. The equation for the moment about P is expressed as
where m, g, T, κ, and ∆θ are the mass of the electroadhesive pad, gravitational acceleration, the tension in the lifted page, the stiffness of the torsion spring, and the amount of the angle displaced from the relaxed position. Neglecting the mass of the lifted page, the tension in the lifted page equals the friction force between the page and the electroadhesive pad, which is given by
where µ s , µ k , N , y denote static friction coefficient, kinetic friction coefficient, the normal force exerted by electroadhesive force, and the length of the part of the lifted page that remains on the electroadhesive pad, respectively. Considering a sheet of paper cannot withstand compression, the remaining part of the lifted page can only slip out. The remaining length of the lifted page on the electroadhesive pad satisfies
where l 0 is the width of the lifted page. Under the assumption that the electroadhesive force is uniformly distributed, the normal force is given as
where N 0 is electroadhesive force per unit length. The motion of the electroadhesive pad is described using (9) to (13) . The friction, which depends on the remaining length, yields a nonsmooth system. Numerical methods for nonsmooth systems such as the event-driven scheme or the time-stepping scheme can be used to solve the equation of motion [28] . Nonetheless, both methods are still computationally expensive. We alternately solve the equation of motion using an approximated equation obtained from conservation of energy. Assuming the rotating arm rotates slowly enough, we can neglect work done by the rotating arm on the electroadhesive pad, and conservation of energy gives
where y i and y f are the remaining length at the initial and final states, respectively. From (14), we obtain the angle θ when the slip motion stops. On the other hand, in stiction state, our mechanism is simplified into the four-bar linkage with the length of links fixed as long as the lifted page does not deflect. We can determine when the tension in the lifted page exceeds the static friction force, i.e., the angle θ when the lifted page starts to slide. The results show that the spring with low stiffness makes the electroadhesive pad unstable [ Fig. 5b ], but the stiff spring stabilizes the motion [ Fig. 5c ]. An acrylic flat spring whose thickness is 3 mm and length is 93 mm, which is thick and short enough to have high stiffness, is used in our machine to stably flatten the lifted page.
C. Tilt angle to reduce peeling effect
Even if the motion of electroadhesive pad is stabilized, another condition to prevent the lifted page from being peeled off is still required to successfully turn pages. When the lifted page deflects upwards while turning pages, the tension in the lifted page acts in the opposite direction to electroadhesive force, pulling the adhered page apart [ Fig. 6a ]. This peeling effect significantly weakens the electroadhesive force in a similar way as the zipping mechanism [11] . When we consider near-field electroadhesive force we employ only attracts objects within tens of micrometers, the peeling effect is of more importance, because even a small amount of partial disengagement can lead to complete detachment. However, when the electroadhesive pad is tilted largely enough, the lifted page deflects downwards, and the tension acts in the same direction as electroadhesive force, avoiding the peeling effect [ Fig. 6b ].
Whether the tension will cause peeling or not is determined by the deflection angle δ. The deflection angle should be positive throughout the flattening process to avoid peeling, expressed as min δ ≥ 0.
The result from kinematic study simplifies this requirement. As shown in Fig. 6c , the deflection angle satisfies
where point B is the edge of the electroadhesive pad. Neglecting the stick-slip motion minimized with a stiff spring, ∠ABQ is fixed, which transforms the problem of finding the minimum deflection angle to the problem of finding the maximum ∠ABC. If point B follows the circumscribed circle of ABC (the dotted line), ∠ABC will stay constant. However actually, point B follows the circle centered at point A with radius AB (the solid line), and point B will enter into the circumscribed circle giving larger ∠ABC. Hence, the deflection angle decreases. The deflection angle is minimum when ∠C is a right angle [ Fig. 6d ]. When ABC is a right triangle, the circumscribed circle maintaining constant ∠ABC (the dotted line) has AB as the diameter, and the actual path of point B is the circle centered at point A with radius AB (the solid line). That is, the two circles are tangent. Point B will be outside the circumscribed circle, and the deflection angle begins to increase. Hence, the deflection angle δ is minimized when ∠C is a right angle. The requirement for positive deflection angle throughout the process of flattening is now simplified as
Tilters are attached to the rotating arm to tilt the electroadhesive pad to satisfy this requirement to prevent peeling.
IV. PERFORMANCE OF THE MACHINE
Our mechanism is tested with books with various dimensions, which are listed in Table II , to estimate how many pages are turned and not excluded. The pages are turned in the limited range where books are unfolded without fixing. Thickness is measured with a digital microscope instead of dividing the thickness of a book by the number of pages not to include thickness of air layers. The process including the arm rotation and the imaging is repeated about every 7 s. Considering pages are excluded when more than two pages are lifted and turned, we calculate success rate by Success rate ≡ 1 − # excluded pages # turned pages .
The results described in Table II show that pages are turned by near-field electroadhesive force with the fair success rates ranging from 98 % to 100 % regardless of the dimension and thickness of books [Supplementary video].
In order to estimate the flatness of paper maintained by near-field electroadhesive force, we test our mechanism with a ring-bound book whose pages contain rectangular grids [ Fig. 7a] . The acquired image is rectified with perspective correction and overlaid with a rectangular grid [ Fig. 7b] . Small discrepancy between the lines of the two rectangular grids indicates that the page is successfully flattened.
V. CONCLUSION
In this paper, we demonstrate that the purpose of digitizing books can be effectively achieved by introducing a microscale structure. The decay characteristics quantified as the force ratio turns out to be dominantly dependent on the geometrical period of the structure generating electroadhesive force. We propose and fabricate the double-sided digitated pattern on the micro-scale to have higher force ratio to exert attractive force exclusively on the top page. The dynamical instability of the electroadhesive pad induced by stick-slip phenomenon is stabilized with a stiffer spring. The minimum tilt angle to secure the adhered page from being peeled off is determined from the kinematic study. The processed images show the images of the lifted pages are flat and can successfully be rectified with the algorithm for perspective correction. Our future works include introduction of transparent electrodes not occluding the other side to image both sides, and an additional apparatus for fixing books to digitize books which tend to close.
